Determining the evolutionary history of metastases is a key problem in cancer biology. Several recent studies have presented inferences regarding the origin of metastases based on phylogenies of cancer lineages. Many of these studies have concluded that the observed monophyly of metastatic subclones favored metastasis-to-metastasis spread ("a metastatic cascade" rather than parallel metastases from the primary tumor). In this article, we argue that identifying a monophyletic clade of metastatic subclones does not provide sufficient evidence to unequivocally establish a history of metastatic cascades. In the absence of a complete phylogeny of the subclones within the primary tumor, a scenario of parallel metastatic events from the primary tumor is an equally plausible interpretation. Future phylogenetic studies on the origin of metastases should obtain a complete phylogeny of subclones within the primary tumor. This complete phylogeny may be obtainable by ultra-deep sequencing and phasing of large sections or by targeted sequencing of many small, spatially heterogeneous sections, followed by phylogenetic reconstruction using well-established molecular evolutionary models. In addition to resolving the evolutionary history of metastases, a complete phylogeny of subclones within the primary tumor facilitates the identification of driver mutations by application of phylogeny-based tests of natural selection.
Introduction
Cancer progression, from the formation of the first neoplastic cell to metastasis, occurs through the origin and proliferation of subclonal lineages characterized by unique somatic mutations. Provided sufficient numbers of mutations occur during the branching process of cancer lineage evolution [1] [2] [3] , this process generates a hierarchical genealogy that can be analyzed using the phylogenetic tools of evolutionary biology. Numerous studies have leveraged the reconstructed phylogenies of tumor subclones to infer the genetic history of cancer progression, including addressing the origin of metastases. For example, metastasis-to-metastasis spread (a "metastatic cascade"), as opposed to parallel metastatic events, has been inferred from the tree-like topology of tumor subclone phylogenies [4] [5] [6] [7] . Central to this conclusion was the assumption that parallel metastatic events from a single primary tumor would necessarily result in a star topology with a polyphyletic group of metastases, while a metastatic cascade would result in a tree topology with a monophyletic clade of metastases. This assumption-and others like it-require careful scrutiny to ensure that the inferred phylogenies truly support proposed models of cancer progression and evolution. In this commentary, we investigate the roles such assumptions play in these studies. For instance, star phylogenies are not the only possible outcomes of parallel metastases. We argue that the chronology of metastatic events cannot be established without complete information on the phylogeny of subclonal lineages within the primary tumor. Below, we will show why this is the case and suggest approaches that are more likely to provide insights into the chronology of metastatic events.
Intra-Tumor Phylogeny and Metastasis.
To illustrate how parallel metastatic events can generate a monophyletic subclade of genotypes from different metastatic tumors, consider the tumor progression histories and phylogenies shown in Figure 1c shows a third scenario where parallel metastatic events can be unambiguously inferred from the polyphyly of metastatic genotypes.
In the absence of a complete phylogeny of all cell lineages within the primary tumor, the most that can be inferred from a monophyletic clade of metastases is that all metastases descended from a single subclone within the primary tumor, rather than descending from different sampled subclones within the primary tumor (Figure 1c ). The monophyly of metastatic genotypes in itself provides no means of distinguishing between a single metastatic event and parallel metastatic events. The relative plausibility of each of these three scenarios (1a, 1b, or 1c) depends on the biology of metastasis. If most cells in the primary tumor have a high potential for generating metastases, we should expect parallel metastatic events from the primary tumor that will result in unambiguous polyphyly of metastatic genotypes (i.e. some metastases will be more closely related to primary tumor subclones than to other metastases). In contrast, if we assume a linear model in which there are a limited number of mutations that permit cells to metastasize, then we should expect all metastatic cells to arise from a single subclonal lineage. Nevertheless, it is crucial to note that the set of shared mutations present among all members of a metastatic subclade are not equivalent to a metastatic phenotype; mutations instigating metastasis might have occurred later in evolution and might be specific to subsets of lineages. This distinction between shared mutations that define a lineage and the unique phenotypes of its extant descendants is analogous to a problem in the molecular phylogenies of higher organisms: it cannot be assumed that the phenotypic traits defining extant "crown taxa" of extant related taxa were present at the times when the stem lineages diverged from their common ancestor [8, 9] . For example, it is unlikely that defining morphological traits such as upright posture/locomotion appeared in the most recent common ancestor of humans and australopithecines at the moment this monophyletic lineage split from the shared common ancestor with chimpanzees. Similarly, we cannot assume that a monophyletic lineage of metastatic subclones necessarily had a metastatic cell as a most recent common ancestor.
Consequently, only a phylogeny replete with a complete representation of subclones within the primary tumor will make it possible to distinguish parallel metastases of primary tumor origin from a metastatic cascade. Unless we can rule out the possibility of clonal diversification within the primary tumor followed by parallel metastases, we cannot claim clonal diversification within metastases. The challenge is made even worse if we admit a possibility of subclones within the primary tumor going extinct as a consequence of natural immune surveillance or of early therapeutic intervention, in which case no purely topological inference will differentiate between a scenario of parallel metastases and a scenario of a metastatic cascade.
Examples from the recent literature
Two recent publications have wrestled with the problem of inferring the presence or absence of metastatic cascades without gathering complete representations of subclonal heterogeneity within the primary tumor.
Schwarz et al [5] inferred primarily metastasis-to-metastasis spread (consistent with Figure 1a parallel metastatic events (as in Figure 1b) , because of the absence of necessary information on spatially distinct subclonal heterogeneity within the primary tumor.
In another recent example, Hong et al [6] infer from the monophyly of metastatic genotypes in a subject with prostate cancer a cancer history including a complex metastatic cascade, with cross-seedings across metastatic sites and re-seedings into the surgical bed (site of primary tumor resection). In the phylogeny of the first subject in Hong et al. (Fig. 2a) , four subclones (A, B, C, and D) were identified in the primary tumor through extensive spatial sampling from seven different locations. Subclone E was unique to the single clinically identifiable metastasis and was clearly derived from a single metastatic event from the primary. In contrast, the primary tumor was sequenced in only two locations in the second subject, yielding three subclones (Figure 2b ). Perhaps it is no coincidence that it is in this subject that a complex metastatic cascade is inferred, based on the monophyly of metastatic genotypes with primary tumor subclones as an outgroup. Because the sampling of the primary tumor in the second subject was limited in comparison to the sampling of the primary tumor in their first subject, there is no way to formally exclude the possibility of parallel metastatic events from unsampled subclones in the primary tumor (Figure 1b) , as opposed to a metastatic cascade (Figure 1a ). In the third subject (Figure 2c ), a single primary tumor subclone was inferred from a single sample. In this case, because the metastatic subclones are polyphyletic (i.e. metastatic subclone B shares a more recent common ancestor with primary tumor subclone A than with the other metastatic subclones), the inference of parallel metastatic events is unambiguous (e.g. Figure 1c ).
Suggested Approaches and Applications
A number of recent studies have more or less explicitly acknowledged the need for a complete characterization of subclonal heterogeneity within the primary tumor in order to unambiguously estimate the location of the genetic divergence of metastases. In these studies, the most frequent approach taken has been to perform deep next generation sequencing on as large a portion of the tumor as possible, followed by the execution of phasing algorithms for genotyping [11] [12] [13] . This thorough approach was applied by Gundem et al [7] , in which evidence was marshaled for the presence of metastatic cascades in subjects with lethal prostate cancer, and in Yates et al [10] , which investigated subclonal diversification within primary breast cancer tissue. Gundem et al [7] point out that "we cannot formally exclude an alternative explanation for the observed patterns, that each of these metastases has seeded from an undetected subclone in the primary tumor. However, targeted resequencing of a subset of mutations failed to detect any such subclones, despite a median sequencing depth of 471×" (p. 354). Care must be taken, however, to differentiate between depth of sequencing and extent of spatial sampling. Sequencing depth is irrelevant to the inference of genetic variation within the primary tumor unless it is accompanied by broad Currently, whether one interprets the monophyly of metastatic subclones-when observed-as the result of a metastatic cascade or as the result of parallel metastases depends to a large degree on one's assumptions about whether the capacity for metastasis is innate in most primary tumor cells or a derived trait found in a uniquely derived subpopulation of cells. In a detailed, spatially explicit, and spatially thorough sequencing study of metastatic pancreatic cancer [15] , it was argued that the capacity for metastasis is acquired later in the course of tumor progression because none of the metastatic tumor genotypes were derived from the ancestral tumor genotype. However, Yachida et al. [16] the peritoneum) occurred comparatively early in the subclone genealogy. The latter result is consistent with studies that indicate that the capacity for invasive migration is innate to many cancer types [22] [23] [24] .
It implies that early seeding of metastatic lineages is likely in many cases, and argues that with sufficient sampling of subclones, we should generally expect to find phylogenies resembling Fig. 1c rather than 1a.
Completely characterizing subclonal variation within tumors and correctly inferring their phylogeny provides a the frame for addressing many key aspects of cancer evolutionary genomics, such as distinguishing somatic natural selection from neutral evolution. The implications of the subclonal phylogeny are wide-ranging. For instance, in Schwarz et al. [4] , a "clonal expansion (C.E.) index" is proposed that compares the distribution of subclones within and among tumors to a uniform distribution as a model for distinguishing selection from the neutral effects of mutation and genetic drift. However, the uniform null for tumor genotypes is not justified by neutral models of genome evolution in tumor cells. It is not the null expectation for any population evolving along a phylogenetic tree, nor is it the null expectation for the distributions of genotypes of organisms in a population, all for the same reasons: genealogical relatedness, finite time, and spatial structure. This realization is the basis for comparative method [25] statistics in evolutionary biology. Attempts to validate causal relations between traits that map to subclonal genotypes must make us of similar approaches applied to tumor subclones. Specifically, reconstructing the genealogy of tumor subclones provides a foundation for deriving null distributions of subclone frequencies, potentially by use of a coalescent model of neutral evolution. Under a neutral null model, it is assumed that all changes in the frequency distribution of tumor subclones result from mutations and stochastic genetic drift, in contrast to any deterministic process of natural selection favoring some subclones over others. A neutral distribution would be the correct null on which to base tests of natural selection on driver genes, as is used in tests based on the distribution of pairwise genetic distances among genotypes that are now standard in population genetics research [26, 27] . Finally, a complete phylogeny would also facilitate tests of natural selection-such as comparisons of silent vs. nonsynonymous nucleotide substitutions, e.g. [28] -that are performed on the basis of genealogical information rather than under an arbitrary assumption of null uniformity.
Future Directions:
We have illustrated the challenges inherent to inferring the mode of metastasis spread from cancer phylogenies in the absence of a complete characterization of subclone diversity within the primary tumor. also requires the application of algorithms that can reliably infer the evolutionary history of subclonedefining mutations. We remark that many of the studies of tumor metastases referenced above either use distance-based clustering methods or heuristic reconstructions of genealogy done by inspection, and argue that these approaches need to be refined by the application of well-established character-based phylogeny reconstruction methods based on molecular evolutionary models.
Applying phylogenetic analysis to the study of cancer with an understanding of its power and limitations will be a great boon to cancer analytic methodology. Inferring the mode of metastasis spread is just one area to which applications of longstanding research on evolutionary biology can be applied to the evolution of cancer; for example, the timing of key mutations underlying tumorigenesis can also be inferred using ancestral state inference and mutation mapping. It has long been recognized that genetic heterogeneity within and among tumors in a patient affects clinical outcomes such as response to therapy.
In such cases, regardless of the originating basis of that heterogeneity, the degree of genealogical affinity among tumor lineages should be predictive of the degree of response at dispersed sites. A reliable inference of the evolutionary history of genetic variants will inform clinical decision-making as well as provide insights into the basic biology of tumors and metastases. Ultimately, phylogenetic information has significant potential to be useful in the clinic, though the relation of cancer phylogenies to clinical
trajectories has yet to be demonstrated. Phylogenies will likely exhibit predictive value for a subject's prognosis and the cancer's responses to therapy-they are the natural conceptual framework for conveying an understanding of tumor heterogeneity, which is the putative source of emergent tumor resistance to current pharmaceutical therapeutics. As sampling multiple sites becomes increasingly feasible with decreasing sequencing costs, and as clinicians become more aware of the relevance and interpretation of phylogenetic analysis, we expect to see studies that map clinical trajectories to phylogenies, infer ancestral states and the timing of mutations, and even describe the full temporal history of cancer within subjects. Such studies will provide a complex but manageable scheme of how cancer evolves, and will lead to testable hypotheses regarding the optimal means of providing personalized care informed by phylogenetic and evolutionary analysis. 
